Introduction
External apical root resorption (EARR) is an undesirable sequela of orthodontic therapy that in some cases may compromise the results of successful treatment. It has been of concern to clinicians since the early report of Ottolengui (1914) .
Root resorption associated with orthodontic treatment is more apparent in subjects where the applied forces are strong and of extended duration, delivered to the tooth in unfavourable directions, or when the tooth is unable to withstand normal forces due to a weakened support system ( Reitan, 1974 ; Blake et al. , 1995 ; Harris et al. , 1997 ) . Several factors have been implicated in the initiation and progression of EARR during orthodontic treatment. These can be divided into biological, mechanical, or a combination of the two ( Brezniak and Wasserstein, 1993 ) .
Controversy exists in the reports of clinical and laboratory investigations of root resorption, regarding the incidence and amount of EARR. The mean degree of resorption varies from 0.2 ( Costopoulos and Nanda, 1996 ) to 2.93 mm ( Copeland and Green, 1986 ) , whereas the prevalence of radiographically detectable resorption varies from 0 to 100 per cent ( Vlaskalic and Boyd, 2001 ) . Such controversies may be attributed to considerable differences in the type of teeth examined, sample sizes ( Linge and Linge, 1983 ;  A radiographic analysis of external apical root resorption of maxillary incisors during active orthodontic treatment Hooman Mohandesan * , Hossein Ravanmehr * and Nasser Valaei ** * Dental Research Center, Faculty of Dentistry, Tehran University of Medical Sciences and ** Shahid Beheshti University of Medical Sciences, Tehran, Iran SUMMARY External apical root resorption (EARR) is an undesirable consequence of orthodontic treatment. The purpose of this study was to measure the amount of EARR and to examine its clinical signifi cance in maxillary incisors, during a 12-month active treatment period. A further aim was to examine the contribution of gender, treatment technique, treatment duration, and extraction of maxillary fi rst premolars to EARR.
The sample comprised 151 maxillary incisor teeth in 40 patients (16 males, 24 females) aged 12 -22 years, with different malocclusions. Standard periapical radiographs, using the long-cone paralleling technique, were obtained before and 6 and 12 months after the start of treatment. Quantitative measurements for 80 central and 71 lateral maxillary incisors were performed separately and corrected for image distortion. Root length reduction was calculated in millimetres and in terms of the percentage of the original root length. Resorption of more than 1 mm at 12 months of active treatment was considered to be clinically signifi cant.
On average, the degree of EARR for the maxillary central incisors was 0.77 ± 0.42 and 1.67 ± 0.64 mm, respectively, during the 6-and 12-month follow-up ( P < 0.001). For the lateral incisors, the degree of EARR was 0.88 ± 0.51 and 1.79 ± 0.66 mm, respectively ( P < 0.001). Clinically signifi cant resorption was found for 74 per cent of the centrals and 82 per cent of the laterals. No signifi cant correlation was observed between EARR and treatment technique. EARR was found to be correlated with gender for the lateral incisors. The effect of treatment duration ( P < 0.001) and premolar extraction ( P < 0.001) was statistically signifi cant for both tooth groups.
Goldin, 1989 ), duration of follow-up ( Sharpe et al. , 1987 ; Costopoulos and Nanda, 1996 ) , type of tooth movement, measurement methods, and patient characteristics. Therefore, comparison of the studies cited in the literature is diffi cult.
Some investigators have assessed EARR qualitatively from periapical radiographs and described its severity based on subjective scoring systems ( Malmgren et al. , 1982 ; Sharpe et al. , 1987 ; Levander and Malmgren, 1988 ; Beck and Harris, 1994 ; Levander et al. , 1998b ; Janson et al. , 2000 ; Harris et al. , 2001 ) , whereas in other studies, EARR has been defi ned quantitatively from cephalometric images ( Copeland and Green, 1986 ; Goldin, 1989 ; Harris and Baker, 1990 ; Katsaros and Berg, 1993 ; Harris et al. , 1997 ; Horiuchi et al. , 1998 ; Parker and Harris, 1998 ; Taner et al. , 1999 ) or from standard periapical radiographs with the long-cone paralleling technique in which any image distortion between the pre-and post-treatment radiographs is corrected using the crown length registrations. This method was originally introduced by Linge and Linge (1983) and has since been modifi ed by others ( Dermaut and De Munck, 1986 ; McFadden et al. , 1989 ; Linge and Linge, 1991 ; Blake et al. , 1995 ; Baumrind et al. , 1996 ; Mavragani et al. , 2000 ) .
The main objective of the present study was to measure the amount of EARR of maxillary incisor teeth and to evaluate its clinical signifi cance during a 12-month period of active treatment. In addition, the contribution of gender, treatment technique, treatment duration, and extraction of fi rst premolars to maxillary incisor EARR was examined.
Subjects and materials

Subjects
This investigation was performed in the Department of Orthodontics, Tehran University of Medical Sciences. Forty patients were selected for the study, age range 12.2 -21.8 years, 16 males (mean age 15.4 years) and 24 females (mean age 14.7 years). None of the selected patients presented with a history of genetic or developmental abnormalities, systemic disorders, hormonal imbalance, periodontal disease, trauma, impacted maxillary canines, endodontic treatment of maxillary incisors, previous orthodontic treatment, or crown fracture or incisal edge abrasion of the upper incisors. Informed consent was obtained from each patient or his/her guardian prior to obtaining the radiographs. From the total of 160 incisor teeth, nine were excluded due to the poor quality of the radiographs or apparent root resorption at the pre-treatment stage. The amount of EARR for the remaining 151 teeth, including 80 central and 71 maxillary lateral incisors, was examined ( Table 1 ) .
Standardized periapical radiographs were obtained by a single operator with the long-cone paralleling technique (Trophy 94 Vincennes, Minorex, France) prior to initiation of treatment. Agfa Dentus M2 fi lms were used, and the angles were obtained by an intraoral XCP fi lm holder (Rinn Corporation, Elgin, Illinois, USA). The radiographs were developed with Dent-X automatic dental fi lm processor and were scanned at a resolution of 1000 dpi and viewed on a large monitor. Necessary modifi cations were made to the images in order to improve image interpretation as well as the accuracy of landmark identifi cation. The root apex, incisal edge, and cementoenamel junction (CEJ) of each maxillary incisor were demarcated on the scanned images. For the CEJ, the most distinct landmark either mesial or distal was used, but once selected, the same side was used for all of the follow-up radiographs. The longitudinal axis of each tooth was constructed from the root apex to the incisal edge following the root canal as accurately as possible. The marked CEJ was then projected perpendicular to this axis (Microsoft Adobe Photoshop 7.0 ME). Crown length was measured from the incisal edge to the projected CEJ, and root length from the projected CEJ to the apex on the constructed longitudinal axis. All measurements were performed for each tooth separately, within an accuracy of 0.01 mm (Microsoft Autodesk Cad Over Lay R14). Treatment protocol consisted of the standard edgewise or straight-wire techniques. The appliances used in the ' standard ' group were 0.022-inch standard brackets (torque: 0 degrees, angulation: 0 degrees, rotation: 0 degrees; Dentarum standard edgewise Ultratrim, Ispringen, Germany) and for the ' straight-wire ' group 0.022-inch brackets (torque: +12 degrees, angulation: +5 degrees, rotation: 0 degrees for the centrals and torque: +8 degrees, angulation: +9 degrees, rotation: 0 degrees for the laterals; American Orthodontics Roth system, Master series, Sheboygan, Wisconsin, USA).
Follow-up radiographs were obtained 6 and 12 months after the start of treatment, and the crown and root lengths of the maxillary incisors were measured using the method described. Any image distortion between the pre-treatment and follow-up radiographs was corrected using the crown length registrations, assuming the crown lengths to be unchanged over the observation period. A correction factor (CF) was calculated using the following formula:
where C1 is the crown length on the pre-treatment radiograph, C2 on the 6-month follow-up radiograph, and C3 on the 12-month follow-up radiograph. EARR per tooth in millimetres was calculated using the following formula:
where R1 is the root length on the pre-treatment radiograph, R2 on the 6-month follow-up radiograph, and R3 on the 12-month follow-up radiograph. EARR was also expressed as a percentage of the original root length: EARR × 100/R1. EARR of 1 mm or more during the 12-month active treatment period was considered as clinically signifi cant ( Copeland and Green, 1986 ; Proffi t, 1991 ) . The percentage of teeth with clinically signifi cant EARR is presented for each maxillary incisor group.
Data analysis
Changes in root length that occurred between 6 and 12 months for the central and lateral tooth groups were determined with a paired-samples t -test. EARR of more or less than 1 mm at 12 months after treatment initiation (clinically signifi cant EARR), were assessed using the McNemar test.
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The generalized estimating equations (GEE) analysis was used to determine the regression parameters and to account for the correlation between each patient's observations (EARR values for left and right central and lateral incisors of each patient). A multiple regression model was constructed for each tooth group separately to evaluate the effect of gender, treatment technique, and maxillary fi rst premolar extraction on the amount of EARR at the 12-month follow-up. The Statistical Package for Social Sciences (version 11.5, SPSS Inc., Chicago, Illinois, USA) was used to obtain the descriptive statistics and to perform the pairedsamples t -test and McNemar's test. In addition, the SAS software (version 9.1, SAS Institute, Cary, North Carolina, USA) was utilized to perform the GEE analysis. P -values less than 0.05 were considered statistically signifi cant.
Results
For the 80 central incisors examined, the pre-treatment root length was 17.09 ± 1.93 mm, range 14.11 -21.51 mm. All examined teeth showed EARR at 6 months after active treatment. On average, EARR was 0.77 ± 0.42 mm (4.5 per cent of the initial root length; P < 0.001). At 12 months, the amount of resorption increased to 1.67 ± 0.64 mm (9.8 per cent of the original root length; P < 0.001). At this followup, the 95 per cent confi dence interval of EARR ranged from 1.54 to 1.85 mm.
For the 71 lateral incisors examined, the pre-treatment root length was 15.55 ± 1.84 mm, range 12.27 -19.64 mm. All the lateral incisors showed a mean amount of EARR of 0.88 ± 0.51 mm (5.6 per cent of the initial root length; P < 0.001) at the 6-month follow-up. At 12 months, this increased to 1.79 ± 0.66 mm (11.5 per cent of the original root length; P < 0.001). The 95 per cent confi dence interval ranged from 1.64 to 1.95 mm at this follow-up, with 74 per cent of the central and 82 per cent of the lateral incisors showing clinically signifi cant EARR ( P < 0.001). At both follow-up points, the amount of EARR was greater for the maxillary lateral incisors than for the central incisors, but the difference was not statistically signifi cant.
A signifi cant difference was found between the 6-and 12-month EARR values in millimetres and in terms of the percentage of the original root length for both tooth groups ( P < 0.001; Figure 1 ) .
For both the central and lateral groups, the amount of EARR was greater in the extraction group than in the nonextraction group at the 12-month follow-up ( Table 2 ). Regression analysis revealed that the difference was statistically signifi cant for both groups ( P < 0.001; Table 3 ).
The amount of EARR was greater for females at 12 months for both tooth groups ( Table 4 ) ; however, regression analysis showed that the difference between genders was only statistically signifi cant for the lateral incisors ( P < 0.03; Table 3 ). Although the subjects treated with the straight-wire technique showed greater EARR than those treated with the standard technique for both tooth groups ( Table 5 ) , the difference was not statistically signifi cant ( Table 3 ) .
Discussion
Maxillary incisors were selected as representatives of EARR as these teeth are more susceptible to the iatrogenic consequences of orthodontic forces ( Brezniak and Wasserstein, 1993 ; Blake et al. , 1995 ; Kjaer, 1995 ; Mavragani et al. , 2000 ; Sameshima and Sinclair, 2001a ) . The selection of 12 years, as the lower age limit of the sample was to exclude the undesirable effect of residual root growth ( Linge and Linge, 1983 , 1991 ; Horiuchi et al. , 1998 ) . The higher age limit of 22 years was chosen in order to eliminate the unfavourable effect of age that may lead to increased EARR due to creation of more hyalinized areas, longer hyalinization duration, and lower healing activity in adults ( Reitan, 1974 ; Harris and Baker, 1990 ; Brezniak and Wasserstein, 1993 ; Mirabella and Årtun, 1995a ) . Crown and root lengths were measured separately for each of the four maxillary incisors on scanned periapical radiographs taken using the long-cone paralleling technique, similar to the method of Linge and Linge (1983) . Using a CF increased the accuracy of the measurement by eliminating any dimension or angulation difference between exposures ( McFadden et al. , 1989 ; Blake et al. , 1995 ; Mavragani et al. , 2000 ) .
There have been few reports devoted to the clinical consequences of EARR associated with orthodontic treatment. In some cases, the amount of EARR might be statistically signifi cant but with no discernible clinical importance ( Blake et al. , 1995 ; Proffi t, 2000 ) . However, some patients may experience root structure loss to the point where the treatment plan needs to be reviewed in order to avoid excessive tooth mobility and eventual tooth 137 ROOT RESORPTION OF MAXILLARY INCISORS loss ( Vlaskalic and Boyd, 2001 ) . Therefore, in the present study, EARR of 1 mm at 12 months of active treatment period was used as the cut-off to determine the clinical signifi cance of EARR ( Copeland and Green, 1986 ; Proffi t, 1991 ) .
At the 12-month follow-up, all maxillary central incisors showed EARR which was, on average, 1.67 ± 0.64 mm (10 per cent of the original root length). In total, 74 per cent of these teeth exhibited clinically signifi cant EARR. The amount of EARR for the lateral incisors was, on average, 1.79 ± 0.66 mm (11 per cent of the initial root length). For 82 per cent of the laterals, root shortening was clinically signifi cant.
The degree of EARR was correlated with treatment duration, as the amount of resorption per tooth group increased signifi cantly from 6 to 12 months. Previous studies have supported the signifi cance of treatment time in EARR ( Linge and Linge, 1983 ; Levander and Malmgren, 1988 ; McFadden et al. , 1989 ; Baumrind et al. , 1996; Levander et al. , 1998a ; Sameshima and Sinclair, 2001b ) , although a few have not ( Beck and Harris, 1994 ; Mirabella and Årtun, 1995b ) . This correlation may be attributed to the fact that longer durations of consecutive stress on the periodontal ligament could cause more hyalinization and less repair activity in the compressed area, followed by increased damage to the root surface ( McFadden et al. , 1989 ; Brezniak and Wasserstein, 1993 ) . Moreover, the longer patients are treated, the further the teeth and their apices are likely to be displaced and therefore more resorptive activity is required at the pressure site. Nevertheless, the amount and pattern of EARR may vary with longer treatment durations; thus, further studies with longer follow-up periods may reveal different fi ndings. The maxillary incisor teeth of the patients for whom fi rst premolar extractions were carried out demonstrated signifi cantly more EARR compared with the non-extraction group. Previous studies have reported a signifi cant correlation following premolar extraction ( Blake et al. , 1995 ; McNab et al. , 2000 ; Harris et al. , 2001 ) . Extraction subjects generally require larger tooth movement and apical displacement to correct malocclusions ( Sharpe et al. , 1987 ; Beck and Harris, 1994 ) . This results in more resorptive activity at the apical region which may cause greater amounts of EARR and a higher percentage of teeth with clinically signifi cant resorption.
The maxillary incisors of female patients showed more EARR than those of male patients but the effect of gender was found only for the maxillary lateral incisors. The fi ndings are consistent with some previous studies ( Levander and Malmgren, 1988 ; Kjaer, 1995 ; Horiuchi et al. , 1998 ) ; however, others have found no correlation between EARR and gender ( Linge and Linge, 1991 ; Harris et al. , 1997 ; Parker and Harris, 1998 ) .
No statistically signifi cant correlation was found between EARR and appliance system at the 12-month follow-up. The fi ndings are in accordance with earlier observations ( Parker and Harris, 1998 ; Reukers et al. , 1998 ; Janson et al. , 2000 ; Mavragani et al. , 2000 ; Sameshima and Sinclair, 2001b ) .
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The small sample size and relatively short follow-up period are the limitations of this study which should be taken into account.
Conclusion
EARR remains an important concern during orthodontic treatment. All the maxillary incisors in this investigation showed degrees of EARR at the follow-up periods and a considerable percentage of the sample had clinically signifi cant resorption.
Caution should be exercised with patients who have been in treatment for a longer than the usual period of time and in those who have undergone premolar extractions. Standardized monitoring radiographs of the maxillary incisors at more frequent intervals could help in early registration of EARR in orthodontic patients and identifi cation of those who may become severely affected. Considering the clinical signifi cance of EARR may help in minimizing the risk of severe root resorption during orthodontic treatment. 
